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EXPERIENCE WITH ADVANCED INSTRUMENTATION IN A HOT SECTION CASCADE

Frederick C. Yeh and Herbert J. Gladden
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

The Lewis Research Center gas turbine Hot Sec-
tion Test Facility was developed to provide a "real
engine" environment with known boundary conditions
for the aerothermal performance evaluation and verifi-
cation of computer design codes. This verification
process requires experimental measurements in a hos-
tile environment. The research instrumentation used
in this facility are presented, and their characteris-
tics and how they perform in this environment are dis-
cussed. The research instrumentation consisted of
conventional pressure and temperature sensors, as well
as thin-film thermocouples and heat flux gages. The
hot gas temperature was measured by an aspirated tem-
perature probe and by a dual-element, fast-response
temperature probe. The data acquisition mode was both
steady-state and time dependent. These experiments
were conducted over a wide range of gas Reynolds num-
bers, exit gas Mach numbers, and heat flux levels.
This facility was capable of testing at temperatures
up to 1600 K, and at pressures up to 18 atm. These
corresponded to an airfoil exit Reynolds number range
of 0.5x100 to 2.5x106 based on the airfoil chord of
5.55 em. Results are presented that characterize the
performance capability and the durability of the
instrumentation. Discussion will also be made on the
challenge of making measurements in hostile environ-
ments. The instruments exhibited more than adequate
durabiltty to achieve the measurement profile. About
70 percent of the thin-fiim thermocouples and the
dual-element temperature probe survived several
hundred thermal cycles and up to 35 hr at gas tempera-
tures up to 1600 K. HWithin the experimental uncer-
tainty, the steady-state and transient heat flux
measurements were comparable and consistent over the
range of Reynolds numbers tested.

NOMENCLATURE
C true chord length
Cp specific ratio

f frequency

ac gravitational constant
heat transfer coefficient
K thermal conductivity

total distance along vane surface from
leading-edge stagnation point, on pressure
or suction surface

P pressure

Pl to P6 measurement locations 1 to 6 on pressure
surface

Q/A heat flux

R gas constant

Re Reynolds number

r vane radius from cascade center

ST to S6 measurement locations 1 to 6 on suction
surface

SP stagnation point

T temperature

Tg(f) amplitude of gas temperature Fourier compo-
nent, K

Ty(f) amplitude of wall temperature Fourier compo-
nent, K
velocity

X surface distance measured from leading-edge
stagnation point to the local measurement
point
specific heat ratio
viscosity
density

Subscripts:

cal calculated

e stator exit (station 5)

9 gas

i inside
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W wall

axial stations 4, 5, or 6 (combustor exit,
stator exit, and rotor exit)

Superscripts:
= average
! total

INTRODUCTION

Improved performance of turbojet and turbofan
engines is typically accompanied by increased cycle
pressure ratio and combustor exit gas temperature.

Gas pressure levels of 25 to 30 atm and gas tempera-
tures of 1600 K exist in some current operational
engines, and pressure levels of 60 atm with tempera-
tures of 2200 K are anticipated in advanced commer-
cial engines. The continuing increases in turbine
entry gas pressure and temperature of the modern gas
turbine engine and its high development cost put a
premium on an accurate initial aerothermal design of
the turbine hot section hardware.

The design goals for commercial jet engines
include high cycle efficiency, increased durability
of the hot section components (i.e., lower mainte-
nance costs), and lower operating costs. These goals
are contradictory: High cycle efficiency requires
minimizing the cooling air requirements, and increased
durability requires minimizing metal temperatures and
temperature gradients. An optimum design can be real-
ized only through improved understanding of the flow
field and the heat transfer process in the turbine
gas path.

Sophisticated computer design codes are being
developed which have the potential of providing the
designer with significantly better initial estimates
of the flow field and heat load on the hot section
components. These codes are being evaluated and veri-
fied through low temperature and pressure research in
cascades and wind tunnels. However, by design, these
facilities do not model all of the processes that
exist in a real engine environment, and therefore, the
ability of the design codes to predict the interaction
of the various parameters cannot be fully evaluated.

The gas turbine Hot Section Facility (HSF) at NASA
Lewis Research Center provided a "real engine" envi-
ronment with known boundary conditions and convenient
access for advanced instrumentation to study the aero-
thermal performance of turbine hot section components.
The thermal performance, and ultimately the life of
these components in a realistic application, is depend-
ent on the designer's ability to predict the local
heat load distribution. The stator airfoil heat
transfer coefficient presents a challenging situation
for the designer because of the complex flow field
through the turbine. Even though heat transfer on
airfoils has been studied previously, there has been
only limited engine data available to verify or cali-
brate the analytical models. The importance of accu-
rate heat transfer data in both a test rig and an
engine environment is self apparent. These data pro-
vide a means of verifying or improving the designer's
prediction capability and reducing overall develop-
ment costs. These, in turn, would promote longer com-
ponent 1ife and would minimize the amount of cooling
air required.

This paper discusses the instrumentation used in
the Hot Section Facility to obtain heat transfer
and aerodynamic data. These include thin-film thermo-
couples, heat flux gages, a dual-element gas tempera-
ture probe, and an aspirated gas temperature probe

that were used in the to obtain experimental data at
the engine conditions. The tests were conducted in
the HSF cascade rig at gas temperatures up to 1600 K
and pressures up to 18 atm. This corresponded to a
vane exit Reynolds number range of 0.5x106 to 2.5x106
based on the true chord of 5.55 cm. An uncertainty
analysis was made in accordance with the method out-
lined by Kline and McClintock (1953). Typical results
from these instruments and their estimated uncertainty
are presented.

FACILITY

General Description

A physical layout of the Hot Section Facility
(HSF) is shown in perspective view in Fig. 1¢a). The
HSF at NASA Lewis Research Center was a unique facil-
ity having fully automated control of the research rig
through an integrated system of minicomputers and pro-
grammable controllers. The major components of this
facility and how they interfaced together to provide a
real engine environment are shown in the flow diagram
in Fig. 1(b). This facility is discussed in more
detail by Cochran et al. (1976), and by Gladden
et al. (1985). :

The main air supply system provided air at 10 atm
to a nonvitiated preheater. The preheater modulated
the air temperature between ambient and 560 K. A set
of routing valves was used to select either of two
modes of operation: (1) Using the compressor bypass
system, air was provided to the test rig at 10 atm and
at temperatures up to 560 K, and (2) using the compres-
sor mode, the heat of compression provided air to the
rig at up to 20 atm and at temperatures up to 730 K.

HIGH-PRESSURE AIR SYSTEM —

— COMBUSTOR RIG

1
- (D-11828-11

(3) PERSPECTIVE VIEW

AMBIENT , .
10 atm 10 560 K 10 atm /560 K I '
MAIN AIR %~ COMPRESSOR | FULL | | main A
SUPPLY PREHEATER > BYPASS $ Fe] ANNULAR =1 EXHAUST
SYSTEM | CASCADE | | | SYSTER
| t |
| |
m] | coouing | |
COMPRESSOR | AIR |
| SYSTEms | |
20 atm /730 K | 5010730k |
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|
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(b) FLOW SCHEMATIC
Fig. 1 Hot Section Facility
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STATION 4

. S e SR < RETRACTABLE TURBINE VANE
RETRACTABLE TURBINE VANE GAS \: VANE ROW EXIT \\ FIBER-OPTIC PROBE : GAS
TEMPERATURE OR GAS PRESSURE \ N~ TEMPERATURE OR GAS
Cascade Confiquration SURVEY PROBE e t:t PRESSURE SURVEY
The facility was configured as a stator cascade PROBE

for these heat transfer and aerodynamic experiments.
A cross section of the Hot Section Cascade Rig is
shown in Fig. 2. The major components consisted of a
heat source (combustor), a full annular vane row, an
exhaust duct line, a quench system (to lower the tem-
perature of the exhaust gas), and a vacuum exhaust
system.

The vane row consisted of 36 stator vanes, sepa-
rated into two groups: 10 test vanes and 26 slave
vanes. The test vane and slave vane cooling air was
supplied from two separate manifolds, with the flow
rates to each manifold independently controlled. In
these particular tests, the test vanes and the slave
vanes had the same internal and external
configuration.

The stator vane configuration, which was used
for the results presented herein, is shown in Fig. 3.
The internal heat transfer was simple convection with-

out any augmentation normally found in modern turbine = = N\ N i BLADE
airfoils (i.e., impingement insert or turbulators) to - e = COOLING
simplify the instrumentation installation procedure. ] : p 1] - ;,::;»‘AAW
Cooling air was supplied to the vane through the vane CD-84-15183
t1p'apd was exhausted into a plenum at the vane Fig. 2 Cascade schematic cross section of combustor
trailing-edge hub. and cascade vane row

INSTRUMENTATION

The instruments used in the HSF cascade were
exposed to an extremely hostile environment of high
temperature, pressure, and heat flux. As such, there
were some unique conditions to be met. The material
used had to be compatible with the base material of
the turbine airfoil. The instruments had to survive
in the extremely hostile environment. They had to be
rugged to withstand the vibration generated in a tur-
bine engine. The physical size of the instruments had
to be small to obtain a reasonably acceptable spatial
resolution and to minimize the impact on the parameter
being measured. The instrumentation evaluated in this
experiment consisted of both conventional instruments
used in high-temperature tests and some advanced non- Fig. 3 Vane airfoil used in Hot Section Facility
conventional instrumentation techniques. Conventional cascade tests
instrumentation is defined here as temperature and
pressure measurements using sheathed thermocouples and
strain gage pressure transducers.

Nonconventional Instrumentation
Nonconventional instrumentation is defined here COLD SIDE—
as any instrumentation advanced in either function or g
design beyond the conventional high temperature and
pressure sensors. Among these would be heat flux
gages (Gardon type and paired thermocouples type),
thin-film thermocouples, and the dual-element, fast-
response gas temperature probe. The following subsec-
tions give a description of the instruments used in
these experiments.
The heat flux gages used in these tests were
developed under NASA contract, and reported by Atkin- CERAMIC
son, Cyr, and Strange (1984) for gas turbine applica- FILL —
tions. Two types of heat flux gages were installed
on the airfoils: the Gardon gage and the paired ther-
mocouple gage.

T HOT SIDE

ALUMEL

———]

)

— CHROME L

ALUMEL
CHROME L 3
1.5-mm-diam CAVITY

COLD SIDE :

Gardon gage. The Gardon gage consists of a thin AIRFOIL 1 DA
circular foil placed normal to the incidence heat flux WALL — L,mrvnw * 038 mi
and a peripheral heat sink. Heat flux entering the D L ceramic ”[ﬁchMISO&MIK
foil flows radially outward from the center of the - FiLL
foil towards the peripheral heat sink. The heat flux
Is proportional to the temperature difference between Fig. 4 Schematic of Gardon gage heat flux sensor used
the center of the foil and the heat sink. Gardon in Hot Section Facility (wires 1 and 2 measure
gages have a long history, but the present application sensor output; wires 1 and 3 measure reference
is quite unique. Figure 4 shows a schematic of the temperature)
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(a) VANE WITH WINDOW REMOVED (MACHINING OF CAVITIES FOR SENSORS AND
GROOVES FOR SENSOR LEADS COMPLETE)

(b) VANE WITH LEADS INSTALLED (CERAMIC NOT YET INSTALLED AND SURFACE
NOT YET SMOOTHED)

(c) VANE WITH WINDOW REWELDED INTO PLACE (VANE SURFACE WILL BE
SMOOTHED BEFORE INSTALLING IN CASCADE)

Fig. 5 Installation of Gardon gage heat flux sensor

Gardon gage used in the HSF. This construction makes
use of the airfoil material as an integral part of the
gage itself to insure that the presence of the gage
does not affect the local heat transfer rate because
of its thermal properties or aerodynamic discontinui-
ties. The differential temperature between the "foil"
and the main airfotl body was obtained from two Alumel
wires, one located at the center of the "foil" inside
the cavity, and one at the side of the cavity wall
(wires 1 and 2 in Fig. 4). The gage temperature level

was obtained with a pair of Chromel-Alumel wires
located on the sides of the cavity wall (wires 1 and 3
in Fig. 4).

Installing the heat flux gage involved the
removal of a window from the airfoil suction surface
(Fig. 5(a)). The gage was then installed through the
window on the now exposed internal pressure surface.
A cavity, located on the cold side of the gage, was
machined into the airfoil, leaving a thin layer
(0.38 mm) of the airfoil material to serve as the
foil. After installation of the thermocouple wires,
the cavity was filled with ceramic cement to provide
a smooth internal flow path as well as support and
oxidation protection for the fine thermocouple wires
(fig. 5(b)). After installation of the heat flux
gage, the window was welded to the airfoil to again
form the whole vane (Fig. 5 (c)). The welding was
then smoothed to form a continuous airfoil surface.
The gage, now an integral part of the vane, was cali-
brated in accordance with procedures outlined by
Atkinson et al. before being installed in the cascade.
A known normal incident heat flux was applied to each
gage location, and the resulting output of the device
was recorded. Figure 6 shows typical results of the
calibration. The gage calibration uncertainty was
within =5 percent of the full-scale reading. Instru-
mentation uncertainty estimates are summarized in
Table I.
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Fig. 6 Typical calibration data for Gardon gage heat
flux sensors installed in vanes for Hot Section
Facility

TABLE [. - MEASUREMENT UNCERTAINTY

Measurement Uncertainty, percent
Instrument Overall
Gas temperature
Aspirated probe =<1.0 =<1.0
Dual-element probe +3.3 +3.3
Wall temperature
Embedded thermocouple =<1.0 =<1.0
Thin-film thermocouple =1.6 =1.6
Heat transfer coefficient
Gardon gage =5 =11
Paired thermocouples =5 =11
Thin-film thermocouple |  ----- =15.3
dual-element probe




HEAT P -~ LEADING
FLUX J 2t " EDGE
SENSORS —

(a) GARDON GAGE AND PAIRED THERMOCOUPLE HEAT FLUX SENSOR
LOCATIONS ON VANE

— VANE POSITION NUMBER
IN CASCADE

(b) NONCONVENTIONAL INSTRUMENTATION LOCATION IN CASCADE

Fig. 7 Heat flux sensor locations on vane and rela-
tive location of other nonconventional instrumenta-
tion in cascade (view looking downstream: Gardon
gages, paired thermocouples, and thin-film thermo-
couples are labeled G, PT, and TF, respectively)

Four Gardon gages were installed on the pressure
surface of two airfoils. These instrumented airfoils
were located circumferentially at about 260° counter-
clockwise (ccw) from top dead center, at vane posi-
tions 31 and 32. Figure 7(a) shows the location of
the gages on the vane. Figure 7(b) shows the relative
location of the Gardon gage in the vane cascade.

Paired thermocouples. The paired thermocouple
heat flux gage used three single, sheathed thermal
elements embedded in the grooved surface of the vane
airfoil (Fig. 8). Two of the conductors (Chromel and
Alumel) were located on the cold side of the airfoil,
while the third (Alumel) was located on the hot sur-
face. The Chromel-Alumel thermal elements provided
the local reference temperature, and the gage output
was obtained as a differential signal from the pair
of Alumel wires. The installation of these paired
thermocouple heat flux gages was similar to that of
the Gardon gages shown in Fig. 5. A window on the
vane suction surface was removed, and the gage was
installed in the exposed pressure surface. The win-
dow piece that was removed was then rewelded to the
airfoil to again form the complete airfoil. These
gages were also calibrated in accordance with proce-
dures outlined by Atkinson et al. (Fig. 9). The gage
calibration uncertainty was within =5 percent of the
full-scale reading.

The paired thermocouple airfoils were located at
about 280° ccw from top dead center, at vane posi-
tions 33 and 34. The relative location of these air-
foils within the vane row is also shown in Fig. 7(b).

Thin-film thermocouples. Thin-film thermocouples
were surface-mounted thermocouples formed by deposit-
ing (by sputtering) a thin layer of electrical
insulating material on the vane surface, and then
depositing a metallic thermocouple material only a
few microns thick on top of the insulating material.

A typical application of the thin-film thermocouples
is shown in Fig. 10. The installation procedure is
discussed in detail by Grant et al. (1982). The ther-
mal elements were platinum/platinum 10 percent rhodium
(type S). Etach thermal element of the thermocouple
was =1.27 mm wide by 12 um thick, forming a junction
of =1.27 mm in the chordwise direction. A 2.5- to
3.0-um-thick substrate of Al1,04 served as an insula-
tor between the thin film and the airfoil wall. The
junction between the thin film and the lead wire was
formed by a hot compression technique described by
Grant and Przybyszewski (1980). They found that a
durable junction was formed by compressing the lead

fCERAHIC
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Fig. 8 Schematic of paired thermocouple heat flux
sensor used in Hot Section Facility (wires 1 and 3
measure sensor output; wires 1 and 2 measure refer-
ence temperature)
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Fig. 9 Calibration data for paired thermocouple heat
flux sensors installed in vanes for Hot Section
Facility

i ssia 7 1
HOT-COMPRESSTON-BONDED

TTF34

[TYPE S THERMOCOUPLES
SPUTTERED ON VANE

LEAD WIRE COVERED WITH
CERAMIC CEMENT =

TTF33

PRESSURE SURFACE (EAC
;THERMAL ELEMENT 12 pm
{ THICK BY 1.27 mm WIDE )2

, i ' C-84-6162
Fig. 10 Typical thin-film thermocouple installation
on airfoil pressure surface (lead wires not
attached)

wire onto the thin film until it plasticly deformed,
and then heating the system to create a diffusion-
bonded connection. Typically, this installation pro-
cedure results in a measurement uncertainty of

1.6 percent of the reading (in Celsius).

Twenty-four thin-film thermocouples were
installed on the surfaces of four vanes. These vanes
were located circumferentially at =60°, 90°, and
135° ccw looking downstream (0° at top dead center).
Typically there were four thermocouples on one surface
of the airfoil, and two thermocouples on the opposite
surface. The distribution of the thin-film thermocou-
ples is shown in Fig. 11.

Dual-element, fast-response gas temperature
probe. The dual-element, fast-response gas tempera-
ture probe, located at the combustor exit, was the
primary gas temperature instrument used to measure
the fluctuations in the gas temperature. The probe,
developed under NASA contract and reported by Elmore
et al. (1983), is shown in Fig. 12. The two thermal
elements of the probe were platinum 30 percent
rhodium and platinum 6 percent rhodium (type B) and

Fig. 11 Thin-film thermocouple distribution on vanes

were 0.076 mm and 0.25 mm in diameter, respectively.
The probe was designed to measure temperature fluctua-
tions up to 1.0 kHz and, through a compensation tech-
nique described by Elmore et al., reflect the true
peak-to-peak amplitudes of the fluctuations. Measure-
ment uncertainties was estimated by Gladden and Proc-
tor (1985) to be 3.3 percent.

W O 25-mm-diam
TYPE B THERMOCOUPLE

Fig. 12 Dual-element gas temperature probe



Conventional Instrumentation

The conventional instruments specific to the per-
formance of the cascade measured the vane airfoil
metal temperatures and the gas path temperatures and
pressures. A cross-sectional schematic of the vane
airfoil is given in Fig. 13, showing a composite sum-
mary of instrument locations on the airfoil. The
locations shown in the figure represent either metal
temperature or static pressure measurements. Because
each airfoil could accommodate only a limited number
of instrument grooves, the temperature or pressure
distributions reported were composed of measurements
from several airfoils in the annulus. It is worthy
of note that even conventional instrumentation is a
challenge, as shown in the next section.

Embedded thermocouples. Sheathed thermocouples
embedded in the airfoil wall, a widely used method,
were also used herein to measure metal airfoil temper-
atures. This method involved cutting grooves into
the airfoil surface and then embedding the sheathed
thermocouples into the grooves. The grooves were then
covered with a metallic foil flush with the airfoil
surface and spot welded in place. Figure 14 shows a
typical installation of this type of surface tempera-
ture measurement. The thermocouple was formed by a
pair of sheathed, single wires, and flattened at the

junction. By using premium grade type K thermocouple
wire, the overall measurement uncertainty was esti-
mated to be less than 1.0 percent of the reading.
However, this technique, described by Crowl and Glad-
den (1971), has its disadvantages. The presence of
the grooves in the airfoil distorts the isotherms,
while the thermocouple junction, formed below the air-
foil surface, does not measure the airfoil surface
temperature. Also, the dec¢reased thickness of the
airfoil wall weakens the structural integrity of the
airfoil.

< TYPICAL GENSOR LOCATIONS

[ SUCTION SURFACL | PRESSURE SURFACE |
A

|
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Fig. 13 Vane airfoil cross section showing a compos-
ite of embedded thermocouple or pressure tap
locations

&

;r———

S RENA ;
= ] ,

—

CROSS SECTION AT

THERMOCOUPLE A-A
JUNCTION CROSS SECTION
AT THERMOCOUPLE

LEADS

ALUMEL WIRE ) :
(0,051 diam) . - . . —<7 5
’ S RS S ; ‘
N et F
THERMOCOUPLE "1 U LA
JUNCTION ~ ‘
- CHROMEL WIRE (0.051 diam )
0.25 e D e
0.051 & =5, - - 51;‘_;
' ;//7~_T‘\\1 !
///T—j‘\\\\
- C
Eens
AR //
S
"fd =—0.051

GEOMETRY OF ONE LEG OF A PAIR OF
SINGLE-WIRE SHEATHED THERMOCOUPLES

Fig. 14 Typical embedded thermocouple installation in
metal wall of airfoil (all dimensions in millimeters)

Aspirated gas temperature probe. The aspirated
temperature probe was used for measuring high gas
temperatures at steady-state conditions. This meas-
urement technique was based on a design initially
developed by Glawe et al. (1956). The sensing thermo-
couple element, located inside a metal tube, was
shielded to minimize radiation heat loss and provided
a stagnation condition. The mainstream gas was aspi-
rated into the cylinder housing through a hole located
on the side of the cylinder and stagnated in the cavity
with the sensing thermocouple. Figure 15, taken from
the report by Glawe et al., shows a typical double-
shielded aspirated probe in which the sensing thermo-
couple was shielded in a second c¢ylinder located within
the first cylinder. The thermal element used in this
probe was type R, which provided temperature measure-
ment capability up to 1300 K. 1In addition, an iridium
40 percent rhodium versus iridium thermal element was
available to extend the measurement capability up to
2200 K. The measurement uncertainty of this type of
probe, after corrections for systematic errors, was
estimated to be less than 1.0 percent.

DATA ACQUISITION

The operation and data acquisition for the facil-
ity were fully automated through an integrated digital
computer system called the Digital Control Center
(DCC). The four minicomputers in the DCC were inter-
connected; however, each computer had a dedicated
task. The computers were labeled, according to their
primary task, "Input," "Control," "Operations," and
"Research.” The main task of the research computer
was to gather large volumes of research data and con-
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Fig. 15 Typical double-shielded aspirated probe (all
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vert them into engineering units. These research

data were also fed into a large mainframe computer
where more complex calculations and graphics opera-
tions were performed. More detalled description of
the Digital Control Center is given by Gladden et al.
(1985). In addition, transient data were acquired on
an FM tape recorder. The analog output from the thin-
film thermocouples and the dual-element temperature
were recorded for postprocessing to determine compen-
sated, peak-to-peak, time-rescolved gas temperatures as
well as surface heat flux. These results were reported
by Gladden and Proctor.

DATA REDUCTION AND ANALYTICAL COMPARISON PROCEDURES

Gas-Side Heat Transfer Coefficient

Experimental heat transfer coefficients were
obtained from the Gardon gages and the paired thermo-
couple gages by the following method

h o —QA 1

g w

where the heat flux Q/A is determined from the gage
calibration, Ty 1is the gage reference temperature,
and Tg is the computed mean radius total gas temper-
ature.

Gladden and Proctor also used the thin-film thermo-
couples and the dual-element gas temperature probe to
determine experimentally the gas-side heat transfer
coefficients. By assuming a semi-infinite solid, the

heat transfer coefficient can be related to the ampli-
tude of the Fourier components of the surface tempera-
ture and the gas temperature by the approximation

T (f) h
W - 9 ()

T (F) ;
g ‘/ ZTrprpt(

The ratio Tu(f)/Tq(f) was determined by computing
the transfer function between the time-resolved wall
temperature and the gas temperature.

A widely used boundary layer code, STANS (Craw-
ford and Kays, 1976), was used to calculate the
expected heat transfer coefficient distribution around
the airfoil in order to provide a baseline for compar-
ison of results. In this calculation, the flow near
the leading edge was forced to be turbulent.

Gas Temperature Profile

The combustor exit radial gas total temperature
profile was obtained by averaging temperatures from
two traversing aspirated probes. The probes were
located one vane chord in front of the cascade vane
row at station 4 (vane inlet), at 263° ccw and 345°
ccw respectively, from top dead center. The third
traversing probe was used to measure total gas pres-
sure. Data were taken in five radial steps from vane
hub to tip. An average radial! total temperature pro-
file and an overall average total gas temperature were
determined from these measurements. The measured tem-
perature was corrected for radiation, conduction, and
recovery losses by the method of Glawe et al. In
addition, a theoretical combustor exit temperature was
also determined in accordance with the method
described by Svehla and McBride (1973). A calculated
mean-radius total gas temperature was determined by
multiplying the average measured mean-radius tempera-
ture by the ratio of the measured average temperature
and the calculated average temperature.

Reynolds Number
The exit gas Reynolds number is calculated from

the vane row inlet total temperature and pressure, the
vane row exit static pressure, and the vane true chord
length. The gas properties are based on the exit gas
static temperature, derived from the exit static to
inlet total pressure ratio.

(V) C
Re = (3
M
where, by assuming P& = Pé,
1/y (y=-1)/y\]1/2
(P 2y 9 Ps
(V) = P! |52 1 - |53
e 4 P4 y - 1 RT P4
g,cal
(4)

RESULTS AND DISCUSSION

Surface Temperatures

Thin-film thermocouples. Figure 11 shows the
location of the thin-film thermocouples distributed
on four airfolls. The circumferential positions of
these airfoils within the vane cascade are shown in
Fig. 7(b). Figure 16 shows a plot of the surface
temperatures measured by all functioning thin-film
thermocouples (open symbols) as a function of the
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Fig. 16 Vane surface temperature from thin-film and
embedded thermocouples (Re = 1.2x106)

dimensionless distance X/L. Also shown are tempera-
tures from the embedded thermocouples (solid
symbols). The data were taken at isothermal condi-
tions, and at a Reynolds number of 1.2x109; that is,
the gas stream was at a nearly uniform temperature.
This condition was chosen in order to eliminate the
effect of pattern factor in the combustor exit tem-
perature. As generally expected, the figure shows
that a cooler region existed in the midchord area,
and hotter regions existed in the leading- and
trailing-edge regions.

There was some data scatter among the thin-film
thermocouple measurements; however, it was generally
within the uncertainty of the measurements them-
selves. The embedded thermocouples generally indi-
cated a somewhat lower temperature than the thin-film
thermocouples. Some of the data scatter may also be
attributed to the uncertainty in the uniformity of
the coolant flow distribution among the vanes. This
uncertainty could result in a greater or lesser
degree of internal cooling, which could also contrib-
ute to the variation from point to point. However,
this reflects, in part, the challenge of making and
interpreting measurements in a realistic engine
environment.

Of the 24 thin-film thermocouples installed, 1}
was defective from the beginning, and another deve-
loped a secondary junction at the diffusion bonding
surface in the early stages of the tests. Six other
thin-film couples were later disabled at various
stages of the test program, but valuable data were
obtained before they were disabled. Of the disabled
thin-film couples, two on the suction surface failed
at the diffusion bond. Three of the thin-film cou-
ples, all on the pressure surface, failed because of
a broken thin-film element. The fourth failed thin-
film couple, on the suction surface, was due to a
broken lead wire. All of the remaining thin-film
couples functioned successfully until the end of the
test program (35 hr of test time). A summary of the
history of these thin-film couples is shown in
Table II.

Embedded Thermocouples. Only a few embedded
thermocouples were installed on these airfoils for
this series of tests. As mentioned in the preceding
subsection, the data from the embedded thermocouples
are superimposed on the thin-film thermocouple plots
in Fig. 16. The thermocouple measurements on the
pressure surface and the suction surface agreed wel!
with the thin-film couple measurements. The embedded
thermocouples, however, indicated a slightly cooler
temperature than that indicated by the thin-film cou-
ples. Intuitively, the temperatures of the embedded
thermocouples should be Tower than those indicated
by the thin-film thermocouples because of the temper-
ature gradient through the wall. Consequently, it
is felt that both types of thermocouples are capable
of providing metal temperature measurements within
their limits of uncertainty.

Heat Flux Measurements

Figure 17 shows the experimental heat transfer
coefficient distribution on these airfoils for a
Reynolds number of 1.2x106 compared with that pre-
dicted by the STANS boundary layer code. Included
are data from thin-film thermocouples (gages),
Gardon gages, and paired thermocouples. The results
of this comparison are discussed in the following
paragraphs.

Gardon Gage. Two Gardon heat flux gages were
installed on the pressure surface of each of two air-
foils. One of the gages was inoperative from the
beginning of the test program. A second gage deve-
loped a secondary junction early in the test program,
and gave unreliable results. The remaining two gages,
both located on the same vane, functioned success-
fully until the end of the test program. These
gages were installed on the pressure surface of vane
31. (The relative location of vane 31 in the cascade
is shown in Fig. 7(b)). The experimental heat trans-
fer coefficients for a Reynolds number of 1.2x106,
obtained from the Gardon gage, are shown in Fig. 17(a).
The data are plotted as a function of the dimension-
less distance X/L. These data were not corrected for

TABLE II. - THIN-FILM THERMOCOUPLE FAILURE ANALYSIS

Vane Sensor Failure mode Time,
position hr
11 TTFO7 At diffusion bond 9 1/6
08 At diffusion bond 1 3/4
09 (a) (a)
i0 (a) (a)
A (a) (a)
12 "Pig tail" missing 0
14 TTF19 (@) (a)
20
21

24 One leg of thermocoupie | 21 3/4

missing
18 TTF31 (a) (a)
32
33 l
34
35
36 One ieg of thermocouple 19
missing
18 TTF25 (a) (a)
26 Broken Pt lead wire 17
27 Secondary at diffusion 0
bond
28 (a) (a)
29 () (a)
30 Break in thermocouple 29 3/4
leg

dFynctioning until end of test (35 hr).
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Fig. 17 Experimental heat transfer coefficients com-
pared with STANS predictions (Re = 1.2x106)

radiation or conduction errors, since the radiation
component was less than 2 percent, and the conduction
error was estimated to be much less than 1.0 percent
(Gladden et al., 1971). The predicted heat transfer
coefficient distribution from the STANS boundary
layer code is also shown. The heat transfer coeffi-
cients from the Gardon gages agreed fairly well with
the predicted values from STANS5. The measurement
uncertainty was estimated to be approximately

=11 percent for the Gardon gages. The primary compo-
nent of this uncertainty is the uncertainty of the
gas temperature at the gage location, which was esti-
mated to be as great as =5 percent.

Paired thermocouples. Two paired thermocouple
heat flux gages were also installed on the pressure
surface of each of two airfoils. These functioned
successfully throughout the experiment. Figure 17
also shows the experimental heat transfer coeffici-
ents from these gages, and the comparison with the
STANS predictions is fairly good. The measurement
uncertainty for these gages was also estimated to be
approximately =11 percent. The heat transfer coeffi-
cients from the Gardon gage as well as from the
paired thermocouples, as obtained from the steady-
state tests, agreed well with the analytical
solutions.
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Fig. 18 Typical time histories of gas and wall tem-
peratures during 2 and 4 sec ramp cycles
(Re = 1.2x106)

Thin-film thermocouples. Low-frequency varia-
tions (<! Hz) of the gas stream temperature were
imposed on the cascade. The responses of the thin-
film thermocouples to the imposed variations of the
gas temperature were used to determine the heat trans-
fer coefficients, as was reported by Gladden and
Proctor. These temperature oscillations, shown in
Fig. 18, were used to determine the heat transfer
coefficients. These results are also shown in Fig. 17.
On the pressure surface (Fig. 17(a)), the experimen-
tal heat transfer coefficients generally agreed with
those predicted from the STANS boundary layer code,
at least in trend. The deviations of these data from
the previous results and from analysis near the lead-
ing edge may be due to boundary layer transition or
boundary Tayer separation. In any event, these sen-
sors apparently measured a real phenomenon. Qn the
suction surface (Fig. 17¢(b)), the heat transfer coef-
ficients obtained from the thin-film thermocouples
agreed with the STANS predictions, with the exception
of one data point at the trailing edge (an X/L value
of 0.82). Gladden and Proctor noted that it is not
uncommon for there to be a sudden increase in heat
transfer coefficient at the suction surface trailing
edge, possibly due to secondary flow effects. Con-
sidering the experimental uncertainty of =15 percent,
based primarily on the uncertainty in the transfer
function, the agreement is regarded as good.

This technique has been shown to be a good
method of measuring the heat flux in a high tempera-
ture and pressure environment. Better resolution
could be obtained by reducing the size of the thermo-
couple junction and increasing the density of sensors
on a given airfoil.

Gas Temperature Measurements

Dual-element probe. Figure 19 shows a typical,
time-resolved, compensated, gas temperature fluctua-
tion as measured by the dual-element probe. These
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Fig. 19 Typical time-resolved, compensated, gas tem-
perature fluctuation (76-um thermocouple, partial
time record for 1159 K)

data are taken from combustor experiments reported by
Elmore et al. The overall peak-to-peak amplitude of
the temperature measurement was 1250 K superimposed
on a mean temperature of 1150 K. The maximum uncer-
tainty of the fluctuation component is 3 K/ YAz, At
the design frequency of 1 kHz, this uncertainty is
about 30 K. This probe was used to obtain heat
transfer coefficient measurements in conjunction with
the thin-film thermocouples. However, the high-
frequency data from these experiments has not yet
been compensated to provide the true peak-to-peak
temperature oscillation characteristics of this com-
bustor. It should be noted that the probe proved to
be durable, and survived the many thermal cycles in
the hostile HSF environment.

Aspirated Probe. Figure 20, reproduced from
Gladden et al. (1985) shows the mainstream gas tem-
perature profile at the combustor exit. Measured
temperatures from the aspirated probe are compared
with unpubtished results obtained from a research
combustor of the same design and tested in the
combustor research leg of the HSF. The research com-
bustor test data were obtained from a complete cir-
cumferential and radial survey of the gas temperature
at the combustor exit plane reported by Wear et al.
(1983). Figure 20 shows the circumferentially aver-
aged radial temperature profile and the maximum
temperature profile obtained from this research
combustor. The figure also shows the measured tem-
perature profiles from two traversing aspirated tem-
perature probes located at the combustor exit
(stator inlet) plane of the cascade. A calculated
temperature, based on combustor efficiency and a
theoretical gas temperature, is also shown as a
dashed line. The theoretical gas temperature fis
obtained from thermodynamic considerations of the
fuel properties, the combustion air inlet tempera-
ture, and the fuel-to-air ratio from Svehla and
McBride. The calculated temperature corresponds to
that obtained from the research combustor for simi-
lar conditions.

The type R aspirated total temperature probes
provide a good measurement of the gas stream tempera-
ture up to levels of 1980 K. However, because of the
circumferential variations that exist in real high-
temperature environments (i.e., pattern factor), it
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is difficult to estimate the gas temperature at loca-
tions other than where probes are located.

Gas Pressure Measurement

The aerodynamic performance of the airfoil is
characterized by the surface static pressure distri-
bution shown in Fig. 21. Data are g]otted for two
different Reynolds numbers (0.55x10° and 2.50x100)
for the design flow conditions. Also shown is the
design pressure distribution for this airfoil
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Fig. 21 Surface static-to-total pressure distribution

(Re = 0.55x100 and 2.50x109)



reported by Whitney et al. (1967). HWith the excep-
tion of one point, at an X/L of 0.188 on the suction
surface, the pressure distribution compares favora-
bly with the predicted values. The agreement between
experimental and predicted aerodynamic performance
lends assurance that the operation of the cascade

was satisfactory as the experimental data were being
taken.

CONCLUDING REMARKS

Heat transfer research in a high-temperature,
high-pressure gas turbine environment can be used as
a code calibration experiment. Generally, code cali-
bration can be accomplished if sufficient care and
attention are given to the instrumentation installa-
tion techniques in a very challienging environment.
These measurements must be made in a systematic,
well-thought-out approach in order to obtain optimum
results. The NASA Hot Section Facility has used
both conventional and nonconventional instruments to
demonstrate experimentally that these measurements
can be made in an extremely hostile environment.
Thin-film thermocouples were shown to be durable and
to provide reliable vane surface temperature measure-
ments throughout the test program. Heat flux gages,
both the Gardon type and the paired thermocouples
type, provided local, steady-state heat transfer
coefficients. The dual-element, fast-response gas
temperature probe, used in conjunction with the thin-
film thermocouples, also provided a method of obtain-
ing heat transfer coefficients. This technique
provided data that generally agree with the steady-
state measurements as well as with analytical predic-
tions from the STANS boundary layer program. These
nonconventional measurement techniques merit further
study and development for use in a high-temperature,
high-pressure gas turbine engine environment.
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